Reed bunting (Emberiza schoeniclus) subspecies vary considerably in bill size and shape and 23 seem to be at an early stage of speciation, in which bill might be indirectly causing 24 reproductive isolation. Hence, we evaluated whether bill size, as well as age and sex, are 25 associated with foraging niche in three West European subspecies of reed bunting: the thin-26 billed schoeniclus, the intermediate-billed lusitanica and the thick-billed witherbyi. Blood 27 sampling was undertaken at three sites in southwest Europe during the winter (when these 28 subspecies co-occur), and stable isotope analyses (carbon and nitrogen) were performed to 29 assess their foraging niches. Stable isotope analyses of potential food items confirmed 30 uniform baseline isotopic composition among sites. E. s. schoeniclus showed a significantly 31 broader isotopic niche than lusitanica and witherbyi, which seemed otherwise similar despite 32 the fact that witherbyi is more divergent in bill traits. Stable isotope ratios were consistent 33 with the latter two subspecies feeding on C3-plant-feeding insects, whereas schoeniclus diet 34 also included C4 plant material. Despite its lower sexual dimorphism, sex and age differences 35 were found only in schoeniclus, but these differences vary between locations in a complex 36 manner. Our results suggest that bill size and shape differentiated between northern, 37 migratory and southern, resident subspecies as a consequence of natural selection through 38 competition during the winter, which is now reflected in isotopic niche divergence between 39 subspecies. The potential roles of sexual selection, reed thickness and summer temperature on 40 the difference in bill size (and greater sexual dimorphism) between lusitanica and witherbyi 41 are discussed. 42 3
Introduction 43
Ecological speciation is a process through which new species arise as a consequence of 44 disruptive or of divergent natural selection that directly or indirectly causes the evolution of 45 reproductive isolation (Rundle and Nosil 2005) . This process may be particularly fast when 46 sexually selected traits are the subject of local adaptation (often called "magic traits"), as 47 6 different feeding techniques and microhabitats. Therefore, in order to compare the diets 117 among subspecies, ages and sexes, we used an indirect method: stable isotope analysis. This 118 approach relies on the variation of stable carbon and nitrogen isotope ratios with the diet: the 119 former being mostly dependent on the C3 v C4 photosynthesis at the base of the food chain 120
and on the water-use efficiency within C3 plants; whereas nitrogen varies mostly with the 121 trophic level in the food chain (Bearhop et al. 2005, Inger and Bearhop 2008) . We test the 122 hypothesis (H1) that the nitrogen isotope ratio in the blood, which correlates positively with 123 trophic level (DeNiro et al. 1981, Inger and Bearhop 2008) , is higher in the thick-billed 124 subspecies (presumed to eat mostly insects) than in the thin-billed subspecies (whose diet 125 seems to include a large component of seeds). As in at least some areas schoeniclus seems to 126 prefer seeds of Chenopodiaceae, Cyperaceae and Poaceae (which include many C4 plants; 127 Cramp and Perrins 1994, Holland Real, Spain. In order to increase the sample size of witherbyi and the geographic 140 representativeness, additional fieldwork was undertaken from the end of November to7 December 2014 in southern France, mostly in the Camargue (43°36'24.62"N, 04°31'58.58"E), 142
Arles, but a few samples (four in each location, including two subspecies) were also collected 143 in Saint-Laurent D'Aigouze (43°35'43.61"N, 04°12'47.64"E) and Courthézon 144 (44°04'21.68"N, 04°52'01.53"E). 145
Intensive mist netting was undertaken in order to capture and sample (whole blood) reed 146 buntings of the nominate subspecies, which winters at all study sites, as well as the local 147 resident subspecies witherbyi at the Spanish and French sites and lusitanica at the Portuguese 148 site. Some potential food items (n = 52), particularly, C3-plant material (inflorescences of 149 reeds, sedges and rushes; from all sites), insect larvae and pupae from inside the reed stems 150
(from Portugal and Spain), spiders (Portugal and France) and a beetle (common red soldier 151
beetle Rhagonycha fulva; Portugal) were collected along the mist nets to assess differences in 152 baseline isotopic composition between the sites. As more that 50% of lusitanica occur at the close to the latitudinal limits of witherbyi distribution, the isotopic divergence found at these 156 three sites is considered to be representative of the whole subspecies. Also, as the blood tissue 157 is renewed at a high rate (half-lives of  13 C and  15 N in the blood of a similar-sized species 158 are 5.4 and 11 days, respectively; Hobson and Bairlein 2003), its stable isotopes reflect the 159 diet that the birds had during the previous weeks (i.e. the winter diet, as the sampling took 160 place c.2 months after reed buntings arrived into the winter quarters). 161
Birds were measured for wing (maximum chord), tail, tarsus and bill (to skull) lengths, bill 162 width and bill depth (at the distal side of the nostrils), as well as muscle, fat and weight (for 163 details see Neto et al. 2013 ). Portuguese and Spanish birds were measured by JMN, whereas 164
French birds were measured by BV, thus being analysed separately. All individuals were 165 identified to subspecies in the field: lusitanica (n = 26) from Salreu and witherbyi (n = 16) 166 8 from southern France were positively identified by their darker plumage and small size, 167 whereas the few (n = 4) witherbyi individuals caught at the Spanish site were readily 168 identified by their much thicker bill, which does not overlap with schoeniclus (n = 44 at 169 Salreu, n = 36 at Villafranca, n = 17 in France) (see Neto et al. 2013 ). Age (first-year or adult) 170 and sex were determined from the plumage wear and pattern using standard methods 171 (Svensson 1992 
Geometric morphometrics of the bill 180
A photograph of the bill in profile was taken from a subset of individuals (n = 4 witherbyi, 21 181 lusitanica and 27 schoeniclus from Portugal and Spain), and subjected to geometric 182 morphometric analysis in software of the tps series (Rohlf 2010) . A tps file was built from 183 images using tpsUtil and used in tpsDig, where seven landmarks and eight semi- . We then applied a Generalized orthogonal least-squares Procrustes Analysis (GPA) 186 (Rohlf 1999 ) in order to obtain a consensus configuration, computed partial and relative 187 warps, and extracted relative warp scores with a  = 0, all using the tpsRelw software. 188
189

Stable isotope analysis 190
The potential food items and the blood samples were dried and analysed for stable carbon and 191 9 nitrogen isotope ratios in order to determine the differences in isotopic niche between the 192 subspecies at the wintering quarters (Inger and Bearhop 2008 
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= 150.7, P < 0.001). Then, in order to evaluate the differences in bill size relative to body size 222 between the ages, sexes and subspecies, a General Linear Model (GLM) was used with these 223 three categorical variables and PCsize as covariate. The same procedure was used to evaluate 224 the differences in bill shape between ages, sexes and subspecies, for which the first axis of 225 variation derived from the geometric morphometric analysis (RW1), which represents the 226 curvature of the culmen, was used (Neto et al. 2013 ). The interactions between subspecies and 227 sex, and subspecies and age were also included initially, but the latter interaction and the 228 variable age were removed from the final models, as they were not significant. As the latter PCA does not adequately depict the variation in bill size amongst French birds, 233 we also describe bill depth for this population. 234
In order to determine whether there were differences in baseline isotope ratios between sites, 235 general linear models (GLM) were used with  15 N or  13 C as dependent variables and site 236 (Portugal, Spain, France), type of food item (plant, insect larvae, spider) and their interaction 237 and predictors. For these analyses, the few beetles collected at the Portuguese site were 238 excluded (because no similar samples were available from other sites), as was one outlier (an 239 insect larva from Spain with a  15 N of +30.76‰; even though its inclusion produced virtually 240 similar results), resulting in a total sample size of 47 food items. 241
GLMs were used to compare the stable isotope ratios between sites, subspecies (schoeniclus, 242 lusitanica, witherbyi), sexes (male, female) and ages (first-year, adult). Initially, year was also 243 included, but since it was not significant, neither in the global model (i.e. including all 244 samples and sites) nor in site-specific models (F-test: P > 0.5), this variable was excluded 245 from further analyses. GLMs were also used to determine the influence of bill size (PCbill) on 246 the stable isotope ratios within each subspecies, for which site, age and sex were included in 247 the models. 
264
Morphological differences
12
There was no significant difference in bill size (PCbill) of schoeniclus between the 266 Portuguese and Spanish sites (GLM: F1;77 = 0.09; P > 0.7), and so they were grouped in the 267 remaining biometric comparisons. There were highly significant differences in bill size 268 between the subspecies (F2;102 = 42.6; P < 0.001), but also significant differences between the 269 sexes (F1;102 = 4.3; P = 0.04) and interaction between subspecies and sex (F2;102 = 3.2; P = 270 0.019). These resulted from schoeniclus having the smallest and witherbyi the largest bills (all 271 subspecies being highly significant different from each other), males having larger bills than 272 females, and the sexual dimorphism in bill size increasing from schoeniclus to lusitanica and The global GLMs (i.e. including all samples and sites) revealed highly significant differences 309 in both stable isotope ratios between subspecies and sites: the age classes differed 310 significantly in  13 C and the sexes in  15 N (Table 1 , Fig. 1 ). Interactions between these 311 variables were not significant, thus being excluded from the final models. The parameters of 312 the models (Table 1) indicate that the migratory schoeniclus differs in both isotope ratios 313 from the two resident subspecies, which otherwise seem similar (Fig. 1) . This is supported by 314 14 statistical comparisons of the estimated marginal means, which revealed significant 315 differences between schoeniclus and lusitanica ( 15 N: mean difference = -1.3 ± 0.6 ‰; P = 316 0.029;  13 C: mean difference = 4.2 ± 0.8 ‰; P < 0.001), schoeniclus and witherbyi ( 15 N: 317 mean difference = -1.6 ± 0.7 ‰; P = 0.023;  13 C: mean difference = 4.1 ± 0.9 ‰; P < 0.001), 318
but not between lusitanica and witherbyi ( 15 N: mean difference = -0.3 ± 0.9 ‰; P = 0.781; 319  13 C: mean difference = -0.1 ± 1.2 ‰; P = 0.930). There were significant differences between 320 the sites for both isotope ratios with Portugal having the highest and France the lowest  15 N, 321 and the Spanish site having a significantly lower  13 C than the other two locations (Table 1 , 322
Fig. 1). 323
Bivariate SEAC show clear differences in isotopic niche between subspecies within each site 324 as well as between schoeniclus populations wintering at each site (Fig. 2) . The Bayesian 325 standard ellipse areas (SEA.B) show highly significant differences in isotopic niche breadth 326 between schoeniclus and the remaining subspecies, which are otherwise similar, whereas the 327 three populations of schoeniclus seem equally generalist (Fig. 3) . 328
The comparisons of stable isotope ratios between the age and sex classes of lusitanica and 329 witherbyi did not produce any significant differences (all P > 0.3). However, in Iberian 330 schoeniclus (French birds were excluded as there were only two females sampled), both age 331 and sex influenced the stable isotope ratios, but their effect was not similar at both sites. There 332 was a significant three-way interaction for  15 N (Sex*Age*Site: F1;71 = 7.2; P = 0.009; all 333 other variables with P > 0.2), whereas for  13 C there was a highly significant effect of age and 334 a significant interaction between sex and site (Site: F1;1 = 2.4; P = 0.361; Age: F1;73 = 16.1; P 335 < 0.001; Sex: F1;73 = 0.04; P = 0.831; Sex*Site: F1;73 = 8.3; P = 0.005) producing the complex 336 pattern of variation depicted in Fig. 4 . 337
338
Relationship between bill size/shape and stable isotopes 339 No significant relationships were found between bill size and either of the stable isotope 340 ratios for lusitanica and witherbyi independently of whether age and sex were taken into 341 account in the models (all P > 0.4; see Fig. 5 ). For schoeniclus, the relationship between  15 N 342 and bill size was not significant (F1;88 = 2.0; P = 0.16), although the negative relationship at 343
Salreu was significant (B = 1.04 ± 0.513, t1;38 = 2.0, P = 0.049; Fig. 5a ). But, there was a 344 significant negative relationship between  13 C and bill size (F1;88 = 5.6; P = 0.02) with large-345 billed birds having lower  13 C values in all populations (Fig. 5b ). All the relationship between 346 bill shape (RW1) and stable isotope ratios within lusitanica and within schoeniclus were not 347 significant (all P > 0.26). 348 349 Discussion 350
Subspecies differentiation in isotopic niche 351
Our approach revealed clear differences in isotopic niche among subspecies, but these 352 differences do not strictly follow the divergence in bill size and shape. The stable isotope 353 signatures of the two resident subspecies (lusitanica and witherbyi) have higher  15 N and 354 lower  13 C than schoeniclus at each site (which supports the first two hypotheses described in 355 the Introduction). This indicates that, on average, schoeniclus feeds on a lower trophic level 356 than the resident subspecies, and that C4-plant material ( 13 C < -20) is included in the diet of 357 many individuals. In addition, both resident subspecies showed a much narrower isotopic 358 niche than schoeniclus at each site, but with schoeniclus including some isotopic values 359 similar to those of the resident subspecies (Fig. 1, Fig. 2) . Therefore, our results show that: billed subspecies are ecological specialists whereas the thin-billed is a generalist. These 366 results imply that natural selection could have had an important role in the phenotypic 367 divergence of reed bunting subspecies; and indicate that the southern subspecies, being more 368 specialized, may be more locally-adapted than the generalist schoeniclus, which agrees with 369 the asymmetric response to song playback (and presumed asymmetric reproductive isolation) 370 that we found among these subspecies (Gordinho et al. in review). These results also imply 371 that conservation measures that have taken place for the benefit of schoeniclus (e.g. winter 372 feeding in Britain) are not adequate for the more highly-threatened lusitanica and witherbyi. 373
It is noteworthy that schoeniclus showed obvious differences in stable isotope ratios between 374 sites, particularly a lower  13 C in Spain and a lower  15 N in France, but lusitanica and 375 witherbyi are remarkable similar (Fig. 1, Table 1 ). As the stable isotope ratios of food items 376 do not vary significantly between sites, this observation indicates that there are differences in 377 the diet (or food availability) of schoeniclus between sites. Indeed, although the food 378 preferences of wintering schoeniclus should be similar across sites (as these birds originate 379 from the same breeding locations and ringing recoveries even show that individuals 380 occasionally move between Spain and Portugal in subsequent winters; JMN unpublished 381 data), the actual diet might differ depending on food availability, which can then be explored 382 by this generalist subspecies. In contrast, the similar isotopic values across sites showed by 383 the specialized subspecies may reflect similar diets. Overall, the isotopic data is consistent 384 with previous observations of thick-billed birds feeding almost exclusively on insects lying 385 dormant inside reed stems and with schoeniclus eating seeds of various plants, including 386 many C4 plants, as well as (flying) insects and spiders whenever available ( Supplementary material Appendix, Fig. A4 ], for which isotope mixing models would be 400 useless). Future studies should sample additional food items, include isotope mixing 401 modelling and combine traditional and isotope methods, as the various insects/spiders 402 dependent on C3 plants probably have similar isotope signatures. 403
As mentioned above, the isotopic data indicate that witherbyi has a similar isotopic niche to 404 lusitanica (Fig. 1, Fig. 2 ). However, if bill size and diet were strictly associated (third 405 hypothesis), witherbyi should differ to a greater extent from the other two subspecies than the 406 latter among each other, so this expectation (H3) is not supported by the results. Hence, 407 ecologically (and to some extent on the basis of bill shape; Supplementary material Appendix, 408 involved in the evolution of bill size and shape differences among the subspecies, and this 422 could also explain the differences in sexual dimorphism among subspecies in these traits. 423
Male witherbyi with thicker, curved bills could be preferred by the females (see Olsen et al. 424 2013) which, due to genetic correlations, would also increase in these traits relative to other 425 subspecies. Unfortunately, no studies on sexual selection or quantitative genetics were 426 undertaken on any thick-billed subspecies of reed bunting that could explain these patterns, 427 but the possibility that the phenotypic variation is entirely plastic is unlikely due to the high 428 populations. Testing these hypotheses will be challenging, but diet studies reed bunting 443 populations that do not co-occur (compete) with northern migrants might prove useful, as 444 well as detailed phylogenetic and character-evolution studies. 445
446
Age and sex differences in isotopic niche 447
The comparisons of stable isotopes among the age and sex classes at the two Iberian sites 448 revealed an interesting pattern. Despite its relatively lower sexual dimorphism, differences 449 among sexes (and ages) were only found in schoeniclus. These differences are rather complex 450 and depend on the site, which could be associated with variation in food availability. In 451 Portugal, the stable isotopes of reed buntings indicate the existence of two major food types 452 with few intermediates (Fig. 2a) : one with high  15 N and low  13 C (presumably C3-plant-453 eating insects) and another with high  13 C and low  15 N (C4-plant material). This apparent 454 bimodality is not adequately described by the standard ellipses. In Spain, however, there are 455 almost no C4-plant isotopic signatures, but there are many individuals showing low  13 C and 456  15 N (presumably C3-plant material), which are largely absent at the Portuguese site. 457
Although first-year birds had higher  13 C values than adults at both locations, their food 458 preferences seem to differ between locations and sexes (Fig. 4) . Males, especially first-years, 459 seem to show a preference for C4-plant material at Salreu (high  13 C and low  15 N) and C3-460 plant material at Villafranca (low  13 C and low  15 N), but adult females at Salreu and first-461 year females at Villafranca deviated from most other birds presumably by including insects in 462 their diet (high  15 N in both cases). However, as pointed out above, these dietary 463 interpretations are tentative. It is possible that dominance is involved in the sex and age 464 20 differences within schoeniclus, with adults and males conditioning the access to the best 465 available food types of the subdominant females and first-year birds (Radford and du Plessis  466 2003), but behavioural development (learning) might also effect age differences in stable 467 isotope ratios. These results imply that age and sex differences in isotopic niche cannot be 468 fully ascertained by single-site studies. 469
The similarity in isotopic niche between the ages and sexes of lusitanica and witherbyi, 470 despite their greater sexual dimorphism in bill size and especially shape, probably results 471 from their specialization, having a much lower range of stable isotope ratios than schoeniclus 472 (Fig. 3) . The sexual dimorphism in the feeding apparatus of lusitanica (and perhaps 473 witherbyi) could have been driven by sexual selection, as seems to have happened in Swamp 474
Sparrows (Melospiza georgiana) (Olsen et al. 2013 ). But, as for the difference in bill traits 475 between lusitanica and witherbyi, the sexes could differ in the choice of reed thickness when 476 searching for dormant insects (which could be tested experimentally in captivity), feed on 477 different prey items with similar isotopic signatures, or the females could be constrained in 478 their evolutionary potential thus being more similar between subspecies than males. 479 480 Bill size/shape and isotopic niche within subspecies 481
The relationship between bill size and stable isotope ratios was only significant for 482 schoeniclus, and it was independent of age and sex classes, as these factors were also included 483 in the statistical models. The relationship between bill size and  15 N varied with location ( Fig.  484 5), which could be explained by the combination of large-billed schoeniclus eating more 485 insects/spiders and possibly a lower abundance of insects at Villafranca, where  15 N is lower 486 than at Salreu (Fig. 1, Fig. 2) ; but this variation was no longer significant after including age 487 and sex in the statistical model. However, there was a effect of bill size on diet as measured 488 by to determine the selection pressures associated with the phenotypic evolution in reed 507 buntings, in particular to test the effects of sexual selection, climate and reed thickness, as 508 well as evaluate the amount of plasticity in bill traits. Furthermore, age and sex differences in 509 isotopic niche were found in schoeniclus, but not in the other subspecies (which have a 510 greater sexual dimorphism), suggesting that the greater population divergence in bill size in 511 males than in females could have been caused by sexual selection rather than intra-specific 512 competition, or there could be constraints in the evolutionary potential of the females. 
